Milk proteins are a complex and diverse source of biological activities. Beyond their function, intact milk proteins also act as carriers of encrypted functional sequences that, when released as peptides, exert biological functions, including antimicrobial and immunomodulatory activity, which could contribute to the infant's competitive success. Research has now revealed that the release of these functional peptides begins within the mammary gland itself. A complex array of proteases produced in mother's milk has been shown to be active in the milk, releasing these peptides. Moreover, our recent research demonstrates that these milk proteases continue to digest milk proteins within the infant's stomach, possibly even to a larger extent than the infant's own proteases. As the neonate has relatively low digestive capacity, the activity of milk proteases in the infant may provide important assistance to digesting milk proteins. The coordinated release of these encrypted sequences is accomplished by selective proteolytic action provided by an array of native milk proteases and infant-produced enzymes. The task for scientists is now to discover the selective advantages of this protein-protease-based peptide release system.
Introduction
As scientists have interrogated mammalian lactation and its remarkable product milk as a complete, comprehensive, and sustaining diet for mammalian infants, it has become increasingly clear that the simple term 'milk' does not do justice to this complex process. Using the term "milk" implies that there is such a thing as a single, ideal sample of this biofluid with a sole definable composition of nutrients. In fact, milk is highly dynamic, with many aspects changing constantly throughout the duration of lactation. Scientists must now develop research models that address this dynamic nature of milk. It is also as important to annotate the consequences of the changes in milk as well as the simple compositional diversity. Ultimately, the dynamic dimension of lactation must be understood in terms of its relevance to the nourishment of infants and the protection of the maternal investment. In addition to understanding the temporal dimension, milk is also biologically active, containing enzymes, antibodies, cells, and microorganisms. Unfortunately, this dimension too is poorly understood and the "proof" of this is the way milk is processed today. The vast majority of these biologically active components, structures, and organisms are irreversibly inactivated by the storage and stabilization processes that are applied to human milk if not consumed immediately and, of course, are unavailable in current generation infant formula.
Enzymes in Human Milk
The biological processes that constitute the full dimension of mammalian lactation evolved under the relentless pressure of darwinian evolution through the genetic success of the mother-infant pair. This evolutionary perspective of milk is considering the unique set of selective pressures that have shaped lactation over more than 200 million years [1] . Every milk component costs the mother. Without benefit to the infant, all components, especially those that are essential nutrients, are under negative selective pressure due to the cost to the mother's survival. Thus, while most research has focused on the nutritional value of milk to infants as a complete diet, lactation properties that supported acute protection of the maternal-infant dyad and the successful long-term development of the infant are also selectable traits. Research on the proteins of milk are beginning to reveal a more complex nutrition and protection system than previously considered, tailored to individual infants targeted to specific stages of development. Furthermore, proteins are emerging as a much more complex and diverse source of biological activities. Proteins as biopolymers possess distinct properties intact, which act also as carriers of encrypted functional sequences that when released as peptides add distinct properties. The coordinated release of these encrypted sequences is accomplished by selective proteolytic action provided by an array of native milk proteases and infant-produced enzymes. Now the task for scientists is to discover the selective advantages of this protein-protease-based peptide release system. The evidence to date suggests that these peptides have antimicrobial, immunomodulatory, and other functions that protect the infant from pathogens, guide development, and contribute in diverse ways to the infant's competitive success.
A New Model for Protein Nutrition
The current paradigm for protein nourishment in humans is that intact proteins are denatured by stomach acid and attacked by endogenous proteases in the stomach beginning a digestive process that continues with hydrolysis by neutral proteases in the small intestine ultimately leading to the release and complete absorption of amino acids by the intestinal epithelia. Young infants, however, are developmentally naïve, produce relatively little gastric acid, and express relatively low protease activity. Nonetheless, all evidence suggests that infants digest and absorb milk proteins effectively. How is this possible? The explanation for this apparent inconsistency comes from recent research showing that milk itself contains an array of proteases that are activated within the infant and contribute considerable catalytic activity and specificity to the entire process of protein digestion within the infant. This research is also revealing that in addition to aiding the infant in protein digestion per se, the specificity of digestion is so precise that there is in practice a further role for milk proteins: that they serve as carriers of encrypted peptide fragments that, upon release by selective proteases, exert functions that contribute to infant protection, health, and development.
A long and successful history of research has defined the intestinal enzymes capable of digesting proteins within the human gut. Studies have also been conducted on this repertoire of enzymes and their actions on milk proteins, and have identified a large number of peptides released from milk proteins [2, 3] . Parallel studies have examined the actions of milk peptides, including antimicrobial and anti-inflammatory functions, mucosal healing, blood pressure lowering, antithrombotic activity, and calcium delivery [4] . A new set of tools are emerging from chemistry, genomics, computational biology, and clinical medicine that are being directed to understanding digestion within the gastrointestinal tract of actual infants, to identifying the peptides that are actually present within breastfed infants, the enzymes responsible for releasing them, and the biological properties that they can potentially provide to preterm infants. This principle has been demonstrated using samples from full-term and premature infants with indwelling gastric feeding tubes combined with state-of-the-art analytics capable of determining peptide sequences with mass spectrometry and database searching and predict their functions with bioinformatic tools [5, 6] .
The identification of hundreds of novel peptides was made possible by revolutionary breakthroughs in analytical chemistry of peptides [7] . Mapping these peptides to biological actions will be a major challenge for biologists as they seek to annotate their functional roles, including antimicrobial and immunomodulatory activities [3, 7] . These peptides have already been proposed to have a range of roles in protecting, nourishing and guiding the development of the infant and also protecting the mother from mammary infection.
This exciting research field that is continuing to reveal structures and functions of milk proteins provide insights into far more than how to nourish infants. The targets of action, mechanisms of health protection, and candidate ingredients are envisioned to assist with the support of premature infants whose enzyme repertoires are naive, the elderly whose digestive capacities are diminished, and clinical patients whose intestinal functions are pharmacologically impaired. There is a new optimism the lessons from milk's proteins and peptides will contribute to the health and development of people of all ages.
Research Discovery
The proteolysis of milk proteins was originally documented and perceived as a defect in individual milk samples. For example, the high protease activity in milk from cows with mastitis was associated with casein degradation and lower cheese yields [8] . This endogenous "defect" concept continued to dominate the scientific perspective of milk proteolysis in part because of the lack of tools to interrogate the degree of specificity of the process. The emergence of highly sensitive and accurate analytical tools capable of analyzing peptides is making it now possible to examine milk in much greater detail and quantitative accuracy [9] . These tools have been applied to examining human milk intact and as it is digested within the infant stomach [3, 5] . The first question that was asked was simple: are peptides released from human milk proteins within the infant intestine? The results ( Fig. 1, 2 ) graphically document (1) that "native" milk, i.e. human milk samples prior to consumption by the infant, contain a diverse array of peptides and (2) that peptide diversity and abundance rise rapidly within the infant stomach.
Enzymatic Proteolysis of Milk
The specificity and reproducibility of the digestion of milk proteins provides convincing evidence of a complex, yet controlled, active proteolytic system. The origin of that proteolysis began to emerge from studies that showed that hydrolysis of specific milk proteins begins within the mammary gland itself [3] . Once reaching the stomach of the infant, proteolysis and release of peptides continues to show considerable protein selectivity and linkage specificity. It is now possible to convert peptide release patterns to sequence specificity of proteolytic cleavage [7, 10] . When this computational strategy is applied to the peptides formed within the stomach of human infants ingesting human milk proteins it is possible to tentatively identify the enzymes that are responsible [10] . Surprisingly, these are not enzymes from the infant but rather enzymes from the milk itself. Transcriptional profiling of mammary epithelial cells documented that the enzymes predicted by computational analyses of peptides were actively expressed as mRNA in the mammary gland [11] . Thus, milk also contains a mixture of proteases, zymogens (protease precursors), protease activators, and protease inhibitors, including components of various proteolytic systems such as plasmin, cathepsin, elastase, kallikrein, and amino and carboxypeptidase systems [12] . The basic mechanisms by which enzymes reach milk within the mammary gland are shown in Figure 3 . These studies are confirming that enzymes within the milk contribute to the timing, selectivity, intermediate products, and overall success of protein digestion in the infant stomach and intestine. The advantages to the infant and maternal dyad that drove these aspects of milk through evolutionary pressure remain largely unknown. The value of secreting this complex array of proteolytic system components with milk is a tantalizing example of a dimension of food that is not appreciated, but provides insights into mechanisms by which diet supports the infant's digestive capacity and guides the release of specific and potentially functional peptides.
Implications to Infant Health
A primary role of milk that is well accepted is providing the neonate with high nutritional value proteins. Indeed, research over the past century has documented that milk contains hundreds of proteins, many with identified actions, from antibacterial to immunomodulatory. These components are present in milk due to mammary epithelial cell expression, active or passive transport from blood, or secretion by host immune cells. Now scientific research must incorporate this dimension of selective hydrolysis of milk proteins and the release of specific peptides into our understanding of milk and its value to infant health.
The control of the catalytic activity of the active components of milk such as proteases appears to be complex and multifactorial, including the balance of inhibitors, activators, zymogens, proteases, pH, microlocation, and specific protein structurea of substrates. These milk proteases act on certain proteins, like the caseins but not on others, notably lactoferrin and immunoglobulin. This selectivity means that in vivo some of the milk proteins remain intact to exert their well-known bioactive functions within the infant, and others deliver distinct peptides to sites along the complex biogeography of the infant intestine.
The next phase of research is to understand all of the roles of the milk proteases in vivo. In experiments carried out on infants, they are quantitatively important, and by computation are responsible for the majority of protein degradation within the infant stomach [5, 6] . Studies to date provoke the hypothesis that milk proteases are an evolutionarily driven, beneficial class of milk components that contributes to infant digestive capacity and releases functional peptides that affect infant health. While we have previously assumed that the slow development of the human gastric proteolytic system is a liability to infants, even this assumption may be naïve. As infants have lower digestive capacity than adults [13] , the abundance and activity of the proteases of milk exert more control over the digestion of milk itself. The transfer of milk digestion to milk and maternal control implies that the apparent digestive insufficiency of infants has selective advantage as well.
Conclusions
A series of enabling scientific technologies have highlighted the paradoxical properties of milk as a dynamic and biologically active fluid. The breakthroughs that are now emerging on milk emphasize that future research must view the mother-infant dyad as a system of nourishment. Milk needs to be understood for its dynamic nature, its diversity, and its biological activities. Specific peptides are released at specific times into specific sites along the mammary gland and infant intestinal tract. This is possible by virtue of the protein structures in milk, the enzymes that are present, and the ability of the infant to activate those enzymes at specific places and times. Understanding this magnificent system of nourishment is likely to provide insights for nourishing humans of all ages and all health conditions.
